Diabetes mellitus is considered the epidemic of the 21st century, affecting close to 170 million people in 2000, and expected to double in incidence by 2030 (1). The two major types of diabetes (types 1 and 2) are characterized by chronic hyperglycemia due to a loss of insulin secretion and/or defective insulin action; however, the etiopathogenesis of each type is distinct. Type 1 diabetes mellitus (T1DM) is an autoimmune disorder, resulting from lymphocyte-mediated destruction of insulin-producing ␤-cells, whereas type 2 diabetes is a complex metabolic disorder, caused by a combination of insulin resistance and a concomitant impairment in insulin secretion. Currently, there is no cure for type 1 or 2 diabetes. The dominant treatment for T1DM continues to be insulin replacement therapy. Although multiple oral hypoglycemic and injectable agents are used for the treatment of type 2 diabetic patients, these agents do not appear to prevent the progressive loss of ␤-cell mass and function that accompanies the natural history of type 2 diabetes, so that eventually many patients require exogenous insulin administration.
Given the pathophysiology of T1DM, the most effective way to prevent the development of ␤-cell destruction and insulin deficiency is by interfering with the autoimmune attack. Unfortunately, due in part to difficulties inherent in identifying patients at high risk and lack of effective agents, most immune-based prevention trials have not yielded noteworthy results. Consequently, the majority of clinical trials are now focused on intervention therapies, targeting recentonset diabetic patients to prevent further ␤-cell destruction (2) . One of the most promising clinical trials involves shortterm treatment with humanized anti-CD3 monoclonal antibodies. Treatment with anti-CD3 antibodies generated promising results in diabetic animal models (3, 4) and preserved ␤-cell function in two independent human trials (5, 6) . The mechanism of action of the anti-CD3 therapy is not fully understood; however, the long-term beneficial effects are believed to be mediated via enhancement of specific populations of regulatory T cells, observed both in murine models (7) and in diabetic human subjects (8) .
The work of Sherry et al. (9) in this issue of Endocrinology examines whether the addition of exendin-4 [a glucagon-like peptide 1 (GLP-1) receptor agonist] to anti-CD3 immunotherapy enhances diabetes remission. Given the reported decline in ␤-cell function after the first year of a single course of anti-CD3 monotherapy in human studies, the authors reasoned that a major determinant of successful response to treatment is the extent of ␤-cell function at diagnosis. Hence, the authors hypothesized that the addition of exendin-4 (a molecule that stimulates ␤-cell proliferation and inhibits apoptosis in preclinical studies) after induction of immune tolerance may improve ␤-cell mass and function, and thus result in an improved response to the anti-CD3 immune therapy. Indeed, the rate of diabetes reversal was higher in NOD mice (a model of T1DM) receiving a 5-d course of anti-CD3 antibody in combination with a 10-d course of exendin-4 upon onset of hyperglycemia, compared with mice receiving the corresponding monotherapies and control treatments. However, the addition of exendin-4 to the anti-CD3 immunotherapy was only beneficial when there was residual functional ␤-cell mass upon initiation of treatment (reflected by ambient glucose levels Ͻ 350 mg/dl).
Contrary to expectations, the authors did not observe an enhancement of ␤-cell area or positive effects on the rate of ␤-cell proliferation and ␤-cell death when exendin-4 was added to the anti-CD3 immunotherapy. Furthermore, the authors showed that exendin-4 treatment had no detectable effects on the autoimmune response because modulation of immune function could have been an alternative explanation for the improved remission rate of diabetes. Rather, what Sherry et al. (9) discovered is that the mechanism accounting for the beneficial effects of combining exendin-4 with immunotherapy involves the recovery of residual ␤-cell function by replenishing and enhancing the insulin stores. The effects of exendin-4 were demonstrated by the authors both in vivo, by performing glucose tolerance tests, as well as by measuring the total pancreatic insulin content, and in vitro, by measuring glucose-stimulated insulin release and insulin content of cultured islets upon treatment with exendin-4. In both settings, exendin-4 resulted in a significantly improved insulin response to glucose stimulation as well as significantly enhanced total islet insulin content. Thus, the authors conclude that the beneficial effects of adding exendin-4 to the anti-CD3 antibody are accounted for via revival of ␤-cell function.
What are the implications of this preclinical study for clinical efforts directed at preservation of ␤-cell function in newly diagnosed subjects with T1DM? Although the results from the anti-CD3 clinical trials are encouraging, deterioration in the levels of C peptide in patients 18 months after the single-course treatment indicates that the efficacy of the treatment needs to be improved. Due to safety concerns, an increase in the dose of the drug may not be recommended because anti-CD3 may induce reactivation of latent EpsteinBarr virus infection (5) . An alternative approach to overcome the limitations of anti-CD3 monotherapy is the addition of agents with complementary methods of action that promote ␤-cell regeneration. There is considerable attention focused on ␤-cell growth factors, including gastrin, epidermal growth factor, IGF-I, and GLP-1, a gut hormone secreted in response to food ingestion. GLP-1 acts as an incretin, promoting glucose-stimulated insulin release but also increases both proinsulin gene transcription and mRNA stability, leading to an increase in insulin biosynthesis. Administration of GLP-1 or the more potent degradation-resistant lizard-derived peptide exendin-4 to normal and diabetic rodents results in expansion of ␤-cell mass via stimulation of ␤-cell proliferation and neogenesis, and a decrease in ␤-cell apoptosis (reviewed in Refs. 10 and 11). Exendin-4 has also been administered to NOD mice alone or in combination with two different immune modulators, lisofylline (12) or antilymphocyte serum (13) ; the highest frequency of diabetes remission was observed in animals that received the combination treatments, suggesting a beneficial synergistic effect between immunomodulators and regenerative agents (14) . However, neither of these studies was clearly able to elucidate the mechanisms underlying the beneficial actions of exendin-4 in the setting of experimental T1DM.
Although regenerative and antiapoptotic actions of GLP-1 and exendin-4 have been demonstrated in both normoglycemic and diabetic animal models (15) (16) (17) (18) (19) , the majority of these studies were conducted in animal models of type 2 diabetes. In contrast, much less is known about whether the ␤-cell actions of glucagon-like peptide 1 receptor (GLP-1R) agonists are sustained in the setting of an ongoing autoimmune attack, as is the case in the NOD mouse and in human subjects with T1DM. Recently, Zhang et al. (20) have shown that continuous delivery of GLP-1 using an osmotic mini pump in prediabetic NOD mice results in significant increases in ␤-cell mass and replication rate, and a significant reduction in the rate of ␤-cell apoptosis. Hence, it seems possible that GLP-1R activation may be able to enhance ␤-cell mass even in the presence of an autoimmune attack, if therapy is initiated before the onset of hyperglycemia.
The implications of the work by Sherry et al. (9) may inform future attempts to reverse the clinical onset of T1DM in human studies. Residual ␤-cell mass and function upon diagnosis are decisive attributes in determining the success of experimental therapies for T1DM. However, the degree of variability of ␤-cell mass and function between patients at diagnosis makes the success of a single therapeutic approach extremely difficult. To circumvent this problem, combination therapies may need to be customized to the degree of residual ␤-cell function present upon entry into clinical trials. Such therapies can include the use of more than one immunemodulating agent, in conjunction with ␤-cell regenerative or antiapoptotic agents, or in cases of extremely low ␤-cell mass, islet transplantations might be required in combination with immunotherapy (14) .
Several lines of evidence suggest that GLP-1R agonists may be effective in subjects with T1DM (Fig. 1) . GLP-1 and exendin-4 inhibit gastric emptying and glucagon secretion, and promote satiety in human subjects with T1DM (21, 22) . Although administration of exendin-4 for 3 months to human subjects with islet transplants improved ␤-cell function while patients were receiving the drug (23), there is little evidence available as to whether chronic exendin-4 may produce a sustained improvement in ␤-cell function in subjects with T1DM. A study examining the effects of combining exendin-4 several times daily with immunosuppression in human subjects with newly diagnosed T1DM has been completed, and the results will likely further our understanding of whether GLP-1R activation alone is sufficient to augment ␤-cell function in patients with T1DM. Because even small improvements in endogenous insulin secretion may be associated with improved glucose control in subjects with T1DM, an ongoing study of agents such as the GLP-1R agonist exenatide in subjects with newly diagnosed T1DM seems warranted. 
